Hollow-sphere-like ZnO was successfully prepared by a facile combustion route at 950 ∘ C, and no external catalysts or additives were introduced. The morphology and structure of the hollow-sphere-like ZnO were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), and energy dispersive spectrometer (EDS). The possible growth mechanism was discussed in detail. In addition, the as-obtained hollow-sphere-like ZnO exhibited a strong green emission at 518 nm and a weak UV emission at 385 nm. We believe that the hollow-sphere-like ZnO material may be a good candidate for application in optical devices and catalyst systems.
Introduction
In recent years, one of the important goals of material scientists has been developing ways of tailoring the structure of materials to obtain specific nanomorphologies [1, 2] . The shape and size of inorganic nanomaterials are well known to have an important influence on their physical properties [3] , also important in various applications such as catalysis, solar cells, light-emitting diodes, and biological labelling.
Zinc oxide (ZnO), as a material with large exciton binding energy (60 meV) and wide gap energy (3.2 eV) at room temperature, has gained substantial interest in the research community because of some excellent properties, such as field emission [4] , optics [5] , piezoelectricity [6] , microwave absorption [7, 8] , and the dynamic mechanical property [9] . In particular, nanostructured ZnO has various important applications in electronics and bioscience, that is, fieldeffect transistor [10] , light-emitting diodes [11] , chemical and biosensor [12] , varistors [13] , solar cells [14] , and so on. No doubt, it will be widely used in various scientific and technical fields in the future.
Up to now, abundant ZnO nanostructures including nanowires [15] , nanorods [4] , tetraneedle whiskers [9] , nanobelts [16] , nanotubes [17] , and nanorings [10] have been successfully synthesized by various methods, such as chemical vapor deposition [18] , thermal evaporation [19] , hydrothermal methods [20] , electrochemical deposition [21] , and template-based growth [22] . However, during the synthesis of unique ZnO nanostructures, the use of template, catalysts, or additives is usually necessary condition, and the synthesis process is complex sometimes [23] [24] [25] . Deng and coworkers [26] synthesized the novel ZnO hollow spheres by first adsorbing zinc ions onto the surfaces of sulfonated polystyrene core-shell template spheres, then adding NaOH to form a ZnO crystal nucleus, and final making ZnO crystal nucleus grow at proper temperature.
In this paper, hollow-sphere-like ZnO was successfully prepared by a facile combustion route in atmosphere, and no external catalysts or additives were introduced. The morphology and structure analyses of the hollow-sphere-like ZnO were presented. We explained the mechanism based on the unique growth process of the hollow-sphere-like ZnO and the relevant characterization data. The photoluminescence properties of the as-prepared crystals were also investigated.
Experimental
Hollow-sphere-like ZnO samples were prepared by a simple combustion oxidation approach at 950 ∘ C in a horizontal tube furnace (inner diameter 10 cm and length 120 cm). The schematic illustration of the experimental setup is shown in Figure 1 . No catalysts or carrier gases were used. In the typical procedure, zinc powder (melting point 419 ∘ C, particle size <2 m, and purity 99.999%) was put into a small quartz boat. The quartz boat was entered into the proper position of the tube furnace (one end of the tube was closed), and the furnace temperature was ramped to 950 ∘ C. The quartz boat remained in the heating zone for 2 minutes and then it was slowly dragged out from the furnace. The samples were naturally cooled down in ambient conditions. The structure of the products was analyzed using X-ray diffraction (XRD, Advance D8). The morphology and size distribution of the products were investigated by scanning electron microscopy (SEM, S-4300). High-resolution transmission electron microscopy (HRTEM) image was obtained on a JEOL-2010 TEM at an acceleration voltage of 200 kV. Photoluminescence (PL) spectrum was obtained using a Fluoro Max-2 fluorescence spectrophotometer (Jobin Yvon company) with Xe light as the excitation source (320 nm). All the measurements were carried out at room temperature.
Result and Discussion
The as-obtained product was characterized by XRD. The XRD pattern is shown in Figure 2 and the Miller indices are indicated for each diffraction peak. The diffraction peaks can be well indexed to the standard, the hexagonal wurtzite structure of ZnO. The calculated lattice constants were = 0.3249 nm and = 0.5206 nm, which are in good agreement with the JCPDS file of ZnO (JCPDS number 36-1451). The strong and clear peaks reveal the high purity and crystallinity of the as-obtained product. No characteristic peaks were observed for other impurities.
The products of hollow-sphere-like ZnO were obtained through typical procedure above, after Zn powder was kept in furnace of 950 ∘ C for 2 minutes and dragged out of furnace in 10 seconds. Figure 3 presents relevant images of hollowsphere-like ZnO. From the SEM image (Figure 3(a) ), the morphology of the as-obtained ZnO is nearly spherical, while a portion of ZnO spheres could not be clearly observed due to their small size distribution. The amplified SEM images of the hollow-sphere-like ZnO show clearly that the diameter of these spheres range from ∼2 m to ∼15 m, as shown in Figures 3(b) and 3(c) . Careful observation of some spheres shows that they possess rough structures with small particles, pores, or holes. Furthermore, some broken egg-shell-like ZnO residue structures can be found in Figure 3 further light on the structural features of hollow-sphere-like ZnO, HRTEM analysis was carried out (Figure 3(d) ). The observation reveals that their surfaces are rough, suggesting that the shells of hollow-sphere-like ZnO are composed of many small nanoparticles. Associated with Figure 4 , energy dispersive spectrometer (EDS) analysis (Figure 3(e) ) confirms that only Zn, O, and Si are present in the structures. Si element is from the underlay of Si slip. In addition, the calculated atomic ratio of Zn to O is close to 1 : 1 based on the data from Table 1 , which agrees well with the stoichiometric composition of ZnO.
The possible growth mechanism of hollow-sphere-like ZnO may follow the process as presented in Figure 5 . The upper section is the SEM diagrams of the product prepared at different reaction stages, and the lower section is the schematic diagram of the change of product's structure during the reaction process. Due to the high purity of the Zn used, we do not expect that the other trace metals (<0.0001%) have affected the formation of ZnO nuclei and the growth of hollow-sphere-like ZnO afterwards. Therefore, pure Zn powder firstly evaporated to Zn vapors in the 950 ∘ C furnace. But when the boat was dragged out from the long tube, air circulation was created between the long quartz tube and boat. And in the dragging process temperature decreased in the furnace because of the air circulation, resulting in lots of Zn vapors abruptly transforming into micro-or nanoZn droplets ( Figure 5(I) ) in the previous supersaturation of Zn vapor. The transforming process would not stop until a new equilibrium was obtained. These Zn droplets might assemble into larger sphere-shaped Zn clusters (or droplets) with different sizes. Of course, air circulation also brought in more oxygen and the surfaces of Zn clusters (droplets) were oxidized into different sizes of ZnO nanocrystallite islands as illustrated in Figure 5 (II) due to nonuniform oxidization, which would cause continuous or discontinuous nanopores on the surfaces of the spheres. Figure 5(a) shows the SEM image of the product as irregular ZnO spheres with different sizes of ZnO nanocrystallite islands. As oxidization continued from the surface into the core of Zn clusters, the equilibrium between Zn vapor and micro-or nano-Zn liquid was shattered and micro-or nano-Zn liquid enveloped in the core of oxidized Zn clusters could be evaporated to supplement unsaturated Zn vapors from the nanopores as shown in Figure 5 (III). As shown in Figure 5 (b), several pores formed on the surface of ZnO spheres. Meanwhile, some evaporated Zn liquid might be oxidized near the pores and became thicker shells to plug up the previous nanopores, other ZnO liquid evaporated might rush out successfully to making pores bigger even causing holes ( Figure 5(IV) ). There is, certainly, also the alternative possibility that the surfaces of clusters were totally oxidized into ZnO nanocrystallite to form relative perfect ZnO sphere as shown in Figures 3(b) and 3(c). In addition, as outside temperature decreased, the evaporated Zn would generate higher pressure inside the ZnO sphere shell than that of outside. Some sphere clusters would even burst and explode into broken egg-shell ZnO because they could not stand the high pressure.
We believe that Zn vapors and micro-or nano-Zn liquid pursued dynamic equilibrium through the whole oxidation reaction till the exhausting of the last Zn liquid. It should be underlined, however, that though the above-mentioned oxidation process was carried out so fast (we drew out the quartz boat just in 10 seconds), the oxidation reaction of Zn forming hollow-sphere-like ZnO might be much faster. Moreover, some additional sub-ball-or sub-hollow-sphere ZnO deposited on the spheres near pores or holes confirmed that Zn vapors and micro-or nano-Zn droplets liquid transformed to each other easily according to the theory of Xu et al. [27] . However, total confirmation for this hypothesis still needs many more studies.
The room temperature PL spectrum of as-obtained hollow-sphere-like ZnO, shown in Figure 6 , was obtained using Xe light as the excitation source (320 nm). According to Figure 6 , there is a weak UV emission peak at 385 nm. The UV emission corresponds to the near-band edge emission. It can also be explained by the near and edge transition of the wide band gap, namely, the recombination of free excitons through an exciton-exciton collision process [28] . Furthermore, it can be clearly seen that there is a strong green emission at about 518 nm in the green emission region. Vanheusden et al. [29] have proved that the green emission is attributable to the single ionized oxygen vacancy in ZnO and results from the radiative recombination of a photogenerated hole with an electron occupying the oxygen vacancy. Therefore, it is reasonable to believe that there are a great fraction of oxygen vacancies in the hollow-sphere-like ZnO. In the previous reports, crystal vacancies have a dramatic effect on the activity of catalyst [30, 31] . Thus, based on the results, the hollow-sphere-like ZnO may be a potential candidate for catalyst. 
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Conclusion
In summary, we successfully prepared the hollow-sphere-like ZnO by facile combustion oxidization method without using any catalyst at the temperature of 950 ∘ C. SEM images showed that the morphology of the as-obtained ZnO was nearly spherical with diameters ranging from ∼2 m to ∼15 m and some spheres had rough structures with small particles, pores, or holes. HRTEM image revealed that their surfaces were rough, suggesting that the shells of hollow-spherelike ZnO were composed of many small nanoparticles. The hollow-sphere-like ZnO should grow from Zn droplets controlled by dynamic equilibrium between Zn vapors and micro-or nano-Zn droplets liquid in violent oxidation conditions. Furthermore, the hollow-sphere-like ZnO exhibited a strong green emission which was accounted for by the greater number of ionized oxygen vacancies. Therefore we believe that the hollow-sphere-like ZnO material may be a good candidate for application in optical devices and catalyst systems.
